2024 4 9 H Bk 2= R Sep. 2024
5545 3 5% 5 . 791-797 Acta Geoscientica Sinica Vol.45 No.5: 791-797

www.cagsbulletin.com

298.15 K T KBr—CaBr>—SrBr,—H,0 Utk %
FH T 1ET 5 3%

Bkt 1Y, B LY BEED, EaRY, B KL

V)P 2 e 7 W ER IO TS BT, SR VIR ER G M R S0 e %, VYT 8100085
2)TF A AR IR A T S R, FFIETE T 810008;  3) AR TR B A2 A T B, PUIUES 610059

B FERIARE IR N K s SRR L L RSO R, ERALZEE RN EARST
PR, ATAECH SRV AE R R BER o AN SO R B K 0 A RE L R S TR A A T A R X D TG R R
KBr—CaBr2—SrBra~H20 7 298.15 K B %5 fif B FIAH P LHEHEA TR A O DF 90 . D 120 1A 2R 4% ER TE 1 W b i
figp RIS (AR 2 B, AR S T 2 SR 2 R I P B P A 1R R OK 5 i IR, I DU C IR R AE 298.15 K R iRH
SR AN AR A S, P AR B o A e, AR 2, A=A A 45 X (KB,
CaBr2»6H20. SrBr26H20). T Pitzer #54!, YHZPUTCIRRTE 298.15 K T WYV A B A TR ITT 58, 2
THEARE, TR RS LR B A A

RBEE: BRER; AR BRALY; KOKETIIR R KK

FE 5SS P619.211 MEKFRAAD: A doi: 10.3975/cagsb.2024.081801

Brine Mineral Equilibrium Studies of a KBr—CaBr;—SrBr.—H:0
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Abstract: The deep underground brine of Qaidam Basin in Qinghai is rich in potassium, calcium, strontium,
bromine and other elements, making it a liquid mineral resource with great comprehensive utilization value.
Notably, its brine can be developed as a potential potassium salt resource. In this study, the solubility and phase
equilibrium of the quaternary KBr—CaBr2—SrBr2—H2O system at 298.15 K were studied in detail using the
isothermal dissolution equilibrium method, based on the compositional characteristics of the deep underground
brine. The solubility and equilibrium solid-phase compositions of the relevant salts of this system were
determined. Based on the experimental data, a diagram of the stable phase equilibrium and water content of the
system at specific temperature conditions has been plotted. This phase diagram has no complex salt and solid
solution generation at 298.15 K, has one invariant point, three univariant dissolution curves, and three solid-phase
crystalline zones (KBr, CaBr2:6H20, SrBr2:6H20). Based on the Pitzer model, the solubility of this quaternary
system at 298.15 K was predicted, and its calculated phase diagram agrees well with the experimental phase
diagram.
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BURRAED A Kb E R0 R, ERIE
LA B OCEE P EE A RRE, W
— > A BRI R I T AR I ORS4RF4E, 2015) . HE
2023 4 F AR BRI A A (R R T RER 2023 ) X
R, HE 2021 AECIRBIRFER BT 2.88 12 t
(P b SRR A R, 2023), X5 S EREAE R 3%,
AP AKIE AT R £ (%, 2023), Bk &2
IR AL B IR AN MK AT BE 5 B RR s OB 4R F-, 2017,
RIS, 2017),

ER T 7K B R v B IE AR 7 ) B ok
U5 o T K ERAAR FAH BRI S B0 b K B Y ol Ak
FERANF OB 2R-F-%, 2016), BHF TAEH £ F 5
JRIFERWA . B A JEh 0 . v AL A B ER 19 pi 7K
TR AT T RS A ST R 2 B A 5T .
298.15 K F Li*, Na*, K*, /CI, SO —H,0 {4 £ iy A1 &l
K FH (R 84648, 2017); 258.15 K T Na*, K,
Mg?*//C1", NO;, SO; —H,O 14 Z& ) AHF- iy (F 25 22 4%,
2020); 298.15 K F Li*, Na*/CO} —H,0 = ol Z& i AH
VA (FLAR 55, 2018) 0 33X SBAIF 5T hy AH & 5% I 1 I % 2
BE TR S, BRI E R TR T
55,

AR T P 7K R A T A AR FATS T s 2 A B U Y
TR, B TR T DT REM B R AL & . Hh
Frih RO s a5 R, IREE . W) SRR X
BWAaAMES S B . L SRR T KB
U8, A7 SRR 0 5% U5 Y E B A SRR AR AR, 2024).,
Xl K SRS BRER A AR, BB B e
JERET MR MR, W EE T Aotk R
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554, 2019); 318.15 K &4 F KCI-K,2B407—H>0 £
FRGEMARL 2023)F1 KBr—K,B,0,—H,0 1K 2 (75 FH
e %8 2022); 7E 298.15 K 4 {F F f oGk &
NaBr-KBr-MgBr,—CaBr—H,O A - A BF 5% (32 B
M 4%, 2022); 298.15 K & F Mot ik &R
LiBr-NaBr—-MgBr,~H,O #I LiBr-KBr-MgBr,—H,0
FA) ¥ A B AH P B L8 T (Cui et al., 2020),
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TS — Bk, FRREFE SO & TE K A iR 5 2%
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JEF VT 2 D8 RS 3k R S R AT A b)), DAL AR 2R A AN
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A48 3 Ca? il S 4% H ICP-OES ¥ i/F 47l 4t ;
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K FH ICP-OES 75 UE47 4l Bh 3 F o
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Table 1 Information on the main experimental system

components
A4 R CAS 5 aiE (s ATH
BALSI(KBr)  7758-02-3-4  G.R.=99.5% i@rﬁiﬁ;
(Eka gﬁjﬁﬁ) 71626-99-8  G.R.>99.9% J;@E?%T
(:‘r;kr iﬁﬁ‘) 7789-53-9 AR.=99% J;@fff
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ST, R 0 B 48 A BB TR v 48 O T R,
BRI AL
J(KBr) =100x w(KBr)

w(KBr) + w(CaBr, ) + w(S1Br, )
w(CaBr,)
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w(SrBr,) 3)
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J(KBr). J(CaBry)Fll J(StBro)> LA J(KBr)+J(CaBry)+
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24 7 PUIGIR &R KBr-CaBro-SrBro-H,0 7E 298.15 K
TR, 1 R, TR R T AKX,
HAERN T #h Z AR OC 28, BT DL AT 1 i RS8P

)

J(CaBr,) =100x 2)

J(SrBr,) =100 x

AbRAS, T LEA N T AL B RUKIE, % U ek &
7K i R 2 LR 2,

MWE 2 FTLLES], Motk R KBr-CaBro-
SrBro-H,O 7E 298.15 K F, HA -, =%
AR BRI LR, A1 1A 4G X e Ak -
[E A ZH B & KBr+CaBry-6H,0+SrBry-6H,0; -1
] A1 25 & XK /NIBLF 5 KBr>SrBry-6H,0>
CaBry 6H,0. 7EIZVUICIR R, 1AL S X IR AL B il
IRACER BA B SR T E L, Rl
Vs it 5 W S AR AR o YRR A X I A 2 A3 (R AR
eS8 77 R s ZUER BT VR AT A SRR, AT BB R TR AL 5
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HAE, dEm S8l A hok & s, i
T T JEC A R %) e B2 Y 2 AR AN o 3 e R T Y K
SaEEE ) DI ER, fERMEMZL E2F1 |,
K JH0)VEFER J(KBr) i34 K 5 2218 1 /N iy
#, HAE F1 4k J(H,0)ik 85 /ME, 5 R Al B
BTE=ZICIR R CaBro—SrBro—H,O 4 S iy 3L al ||
Wi KBr ZWiinA, ¥ £ 20 ot it o 08 K,
WK B RERBIREAR, HAE F3 Ab/K & ik B8/
H: fEWMAEL E3FL b, RFE KKK
J(H20)fH P J(KBr)f 3K, RRLRIE KRG

%2 MT{AZH KBr-CaBr:-SrBr:-H20 7E 298.15 K T & EHI4A AR

Table 2 Compositions of the liquids in the quaternary KBr-CaBr,-SrBr,-H,0 system at 298.15 K

R w(B)/%

TR R ¥ 5T 5 4L Janecke/(g/100 g)

¥ J(KBr)+J(CaBr,)+J(SrBr,)=100 A A s
KBr CaBr, SrBr, KBr CaBr, SrBr, H,0
1, El 1.25 58.39 0.00 2.10 97.90 0.00 67.68 KB+CB6
2, F1 1.04 57.84 1.36 1.73 96.02 2.25 66.00 KB+CB6+SB6
3,E3 6.61 0.00 47.10 12.30 0.00 87.70 86.20 KB+SB6
4 5.25 9.24 38.14 9.98 17.55 72.47 89.99 KB+SB6
5 4.30 18.41 29.98 8.17 34.94 56.89 89.79 KB+SB6
6 2.47 34.04 16.91 4.62 63.72 31.66 87.18 KB+SB6
7 1.83 43.76 10.07 3.28 78.62 18.10 79.67 KB+SB6
8, E2 0.00 58.37 1.61 0.00 9731 2.69 66.72 CB6+SB6

:: SB6=StBr,"6H,0, CB6=CaBr,'6H,0, KB=KBr; {RifEANTHIEE u, u(7)=0.02 K, W HWHXTARHEATEE u,[w(KBr)]=0.005,
u,[w(CaBr,)]=0.005, u,[w(SrBr,)]=0.005,
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Fig.1 Equilibrium phase diagram of the quaternary
KBr-CaBr,—-SrBr,—H,O system at 298.15 K
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R N RN SF ER Oca, st Fl Wea, se, Be A WL SCHRIRGE, 3B A SO SCHk 7
3 WRERTE 7 K8 (Zhang et al., 2021)JE T Pitzer £ 7 T 5 i

K A 2SR VT B T R AT LA F4 298.15 K £ T KBr-CaBr:-SrBr-H20 R 1H 5%
KR IS 7 B IR 04 I A A AT LA B AR Pitver & B F T 1% 5

3%12]&,% E’\J*ﬁ%@f%ﬂ?nj]%*ﬁﬂ1ﬂji% °© Xﬁrﬁﬂ(ﬁj‘% Table 4 Pitzer mixed ion interaction parameters
R R A LA TR RSB £k, AT associated with the KBr—CaBr,—SrBr,—H,O system
N - ] FIE N - t298.15 K
KRR A IR . Pitzer BURLHET V2 R Tk P i T
ER A Z2 A BE G T (] D2 L : =
m12|i?\{ﬁﬁ’ifiilﬁ’3 T X AL S, 2002; Keller ft al., o e 0115 60 Christov, 2012
2021), AR Harvie et al.(l984)7£ Pitzer 1557 J Ok, st 0.027 10 Reddy et al., 1990
fih AR BRAS 2 ) HW #E8, XFPUICiR R KBr-CaBr, Oca, st ~0.047 89 A
~SrBr,—H,0 Yf 298.15 K ?{’%fﬁ@fﬁﬁﬁ T‘ﬂ@[}]“ . YK, Ca, Br -0.042 24 Christov, 2012
y - - YK st —-0.028 60 Nie et al., 2020
- %ﬂ ﬁ‘ﬂl’a,? f ﬁ%% N=1 K, Sr, Br B
Xof A5 T 3 0 7 2 1 Bk 3 s, R e oo 0,005 4 ey

EEFERASENER 4 R, TTEITR RS
5 298.15 K MR E R MR & s BUEM

&3 298.15 K & KBr-CaBr2-SrBr>-H:0 Debye-Hiickel %
kR X Pitzer BRSH Table 5 Values of stable solvation equilibrium constants
Table 3 Parameters of Pitzer single salt associated with and Debye-Hiickel constants for salts at 298.15 K
the KBr—CaBr,—SrBr,—H,0 system at 298.15 K SH BH R
Hh ik —
Tl B B ¢ Sk AY 0.3915 Greenberg et al., 1989
KBr 0.05185 0.276 77 —0.000 87 Christov, 2007 LnK(KBr) 2.627 Christov, 2007
CaBr, 0.33571  2.906 16 0.008 98 Christov, 2011 LnK(CaBr,-6H,0) 13.197 Christov, 2011
StBr, 0.32410 1.78223  0.00344 Kimetal., 1988 LnK(SrBr,'6H,0) 7.149 Nie et al., 2020
Pitzerf¥ B 55 1F 2 45 N Pitzer i f# 5 A T .
o MR KT B (LS EPSO)| [ T IR
TS H “BY v z &
1 % Hokik : = 2| %
Bt 5% K e wE B s NME Iy i
VAR " F<1.0x10° S
MR e R . —— L
v = o N V5% 47 STE e A =g K Gitd gE R
815 550 BT H AR | — ES]
F=% K:_K:v/| | éﬁ'ﬁﬁ“ﬁﬁﬁ

3 EEERREE
Fig.3 Flowchart of simulation calculation

%= 6 Mit{AHE KBr-CaBr:-SrBr:-H:0 F1ER =T FARE 298.15 K THIG ST EEMSEEREER

Table 6 Comparisons of calculated and experimental values at the invariant points at 298.15 K for the quaternary
KBr-CaBr,—SrBr,—H,0 system and its ternary subsystems

WA T 2 B w(B)/ %

& P THRE/SL S [ AR
KBr CaBr, SrBr,
SR {E 0.00 58.37 1.61

CaBr—SrBr,~H,0 E2 HEE 0.00 59.09 1.42 CB6+SB6
AT A 22 0.00 1.23 -11.80
FHAE 1.25 58.39 0.00

KBr-CaBr-H,0 El HE 0.73 59.90 0.00 KB+CB6
AT A 2 —41.60 2.59 0.00
FHAE 6.61 0.00 47.10

KBr-SrBr—H,0 E3 HEE 6.55 0.00 47.70 KB+SB6
AT A 2 -0.91 0.00 1.27
FHAE 1.04 57.84 1.36

KBr—CaBr,—SrBr,—H,0 F1 HEE 0.73 58.70 1.43 KB+CB6+SB6

AT A 22 -29.81 1.49 5.15

#: KB=KBr, CB6=CaBr,'6H,0, SB6=SrBr,6H,0; FR#fEANHIEE u, u(7)=0.02 K, WM&t FREATEE u,[w(KBr)]=0.003,
u,[w(CaBr,)]=0.005, u,[w(StBr,)]=0.005 AHX i 25 =100x ({3 55 )/ 5L B8 1
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Fig.4 The experimental and computational phase
diagram for the quaternary KBr—CaBr,—SrBr,—H,0 system
at 298.15 K
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155 $F1 Debye-Hiickel #4031 F3% 5. vE IR T
AT A5G Pitzer HLAR T WA T A A XV 1%
FERE VAT T Ee IO, HEm AR LA 3. PUoTik
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298.15 K T AuM SR TR AL I WK 6, 2l
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B RN A T HL R, anE 4 TR
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CaBr—SrBr-H,0 M H =50 74 2 75 I A o5 4b 75 i
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Tl B3 AL FRIRAE 5 5200 15 W6 50 (48 X i 22 -
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E2 4hWi& RAEE ST m2E: E1 4 w(KBr)= -0.52,
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AU — | RIS PR R R N R =T
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A
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